Abstract -Defence R&D Canada has been studying the military applications of hyperspectral imagery for a number of years. In other unrelated efforts, the Canadian remote sensing community has also been active in developing hyperspectral algorithms for civilian use.
Introduction
Solar reflective hyperspectral imagery captures hundreds of contiguous spectral bands in the 0.4 to 2.5 microns region. The detailed spectral information available from hyperspectral sensors offers greater capabilities than traditional multispectral sensors to identify target materials through comparison to spectral libraries; or to characterize the background.
Defence R&D Canada (DRDC), which is part of the department of National defence, has been conducting and sponsoring R&D in the domain for a number of years to explore its various possibilities [1, 2, 3] . The focus of this work has been on military target detection applications.
In parallel with these activities, the Canadian remote sensing community has been active developing hyperspectral applications for various civilian applications related to forestry, agriculture, fisheries, mineral exploration and environmental changes [4] . The Canadian Space Agency is investigating a hyperspectral space mission called HERO (Hyperspectral Environment and Resources Observer) and sought the help of potential Canadian users to refine the potential applications [4] . It must be noted that many hyperspectral techniques developed for civilian applications have military applications for terrain characterization.
Airborne hyperspectral instruments have been available from various providers for many years and their performance keeps improving. On the other hand, spacebased hyperspectral sensors have only been available from few exploratory missions such as NASA Hyperion on EO-1 [5] and ESA CHRIS on Proba [6] . There are however many civilian space missions being planned in different countries [7] , including the Canadian HERO program, as well as military space demonstrations [8] .
These many space-missions planned in the near future, brings us closer to operational use of space-based hyperspectral data for military applications. To demonstrate the potential of this technology to the Canadian Forces (CF), DRDC has put in place a Technology Demonstration called HYMEX (HYperspectral iMage EXploitation), now mid-way through a three-year implementation. With support from Canadian industry, academic institutions and other government departments, HYMEX is integrating and validating a suite of exploitation tools to meet CF needs.
To improve situational awareness and decision making, intelligence, surveillance and reconnaissance (ISR) systems are used to fuse information from many different sensors [9, p.32]. Remote sensing information, such as that can be obtained from hyperspectral sensors, is just one of many sources of information to be fused in ISR systems. The refinement and the performance validation of algorithms to extract information from these sensors, which is one of the goals pursued by the HYMEX project, is a pre-requisite for using the information in higher level fusion systems. This paper describes the project activities and presents preliminary results obtained to date. In section 2, we describe the HYMEX objectives and activities while in section 3 and 4 we describe and provide preliminary results for two categories of applications: soil and vegetation mapping and water mapping. As mentioned in the introduction, DRDC has developed expertise and advanced exploitation techniques for target detection over the years but had limited expertise for terrain analysis and water mapping. To identify available techniques for the last 2 categories, HYMEX conducted a survey of about 60 different groups in industry, academia and other government departments forming the Canadian remote sensing community. Most algorithms from the groups that responded have been included into the project.
HYMEX applications and activities
The main deliverable of the HYMEX project will be a suite of near-operational hyperspectral image exploitation tools called HOST (Hyperspectral Operational Support Tools). HOST is developed in the IDL language for integration into a commercial-off-the-shelf package called ENVI available from ITT Visual Information Solutions. ENVI is already a widely used platform for hyperspectral image analysis. HOST will build onto ENVI to provide tools specifically oriented for the needs of the Canadian Forces. The HYMEX System Integrator responsible for the development of HOST is MacDonald Dettwiler and Associates (Richmond, BC).
HYMEX has developed an algorithms validation strategy that will lead to the selection of the best algorithms to be integrated into HOST and will explore the performance limits of these algorithms. Knowing these limits is an important element of information for transitioning the tools into operational use by the Canadian Forces. The validation strategy includes the following components:
Field Trials: The HYMEX project has conducted several field trials at different location across Canada to acquire remotely sensed hyperspectral imagery and ground truth for testing the various algorithms. Each location had specific characteristics likely to affect the performance of the algorithms. Marine trials were conducted in 2 different locations (East and West coast). Land trials were conducted in Acadian forest region (CFB Gagetown), boreal forest region (CFB Valcartier), aspen dominant forest (CFB Wainwright) and dry grassland (CFB Suffield). One trial was conducted in winter under snow conditions.
While some limited space-based hyperspectral imagery was acquired (CHRIS and Hyperion), the main data type was acquired from airborne hyperspectral sensors. Airborne data contains similar information as space-based sensors, and can be used in the interim to evaluate algorithms. In fact, it is interesting to note that even though HYMEX is focused on demonstrating the utility of space-based imagery, the results can easily be transposed into the utility of airborne sensors.
Data analysis: All HYMEX algorithm providers are analyzing trial data using performance metrics approved by DRDC.
In addition to providing quantitative performance evaluation and comparisons of the algorithms, the overall data analysis allows the demonstration in a limited way of a) how the performance varies in different environments, b) the advantage of hyperspectral (HSI) over multispectral (MSI) imagery (comparisons with true or simulated MSI sensors), c) the differences between space-based sensing and airborne sensing (e.g. via the analysis of CHRIS or simulated HERO data) and d) the effect of varying ground sampling distance (GSD) via the analysis of airborne data at different altitude or of different sensors.
HOST demonstrations: HOST is developed in 3 successive iterations of approximately 8 months duration. Each iteration ends with a demonstration of the tools to CF stakeholders and image analysts. Feedback from the demonstration participants will be integrated in the following iterations and the selection of the algorithms to be integrated for the iteration will be based on interim data analysis results.
The first demonstration was successfully done in March 2007.
Military utility study:
The algorithm performance results obtained through the HYMEX validation activities will support a study to look at the utility of the algorithms in terms of many different Canadian Forces missions. This study will also propose concept of operations for the use of hyperspectral imagery by the Canadian Forces including sensors options ranging from the acquisition of Canadian airborne or space-based sensors or partnership with allied nations.
The next 2 sections provide more details about terrain analysis and water mapping applications and present some preliminary results.
Soil and vegetation mapping
This section presents in more details the terrain analysis applications addressed under HYMEX. We describe the applications of interest to Canadian Forces and describe some of the trial conducted under HYMEX and preliminary results obtained from selected algorithms.
Applications
The Canadian Forces Mapping and Charting Establishment (MCE) is a sponsor of the HYMEX project. Its mandate is to provide maps and geomatics products to the Canadian Forces. This includes for example, the responsibility of producing maps of all Canadian military bases and training areas. They also have an interest in a wide range of terrain features and more advanced products such as vehicle trafficability. Vehicle trafficability models [10] rely on several types of information to calculate their predictions. This information includes hydrology, weather, land use, topography, soil, roads, and vegetation. Several of those features can be obtained from hyperspectral imagery.
Another potential user of the hyperspectral technology in the department of National Defence is the Director General Environment (DGE) who provides services related to environmental protection to the department. Their mandate is broad. Under HYMEX we plan to deliver products that can be used to support the management of sustainable training areas for the Canadian Forces which is part of DGE mandate. This includes, for example mapping the vegetation health and coverage area over Canadian Forces Bases (CFB) which are currently assessed from different means, including multispectral satellite imagery by DGE.
DRDC has identified the following classes of terrain features that can potentially be derived more easily from hyperspectral imagery than from multispectral imagery and that are potentially useful to the Canadian Forces to produce more detailed maps than currently available (see also [11] This may include other unmixing and automated end-member extraction tools as well as commercial or government-off-theshelf classification tools.
To validate these algorithms, we conducted several trials in Canada as summarized below.
CFB Gagetown trial: This trial was conducted in September 2005. CFB Gagetown is located in New
Brunswick and covered by a mixed Acadian forest. This site was selected because the Army Meteorological Center (AMC) has sponsored the development and is using a vehicle trafficability model for the base. The model was developed by the University of New Brunswick (UNB) forestry department and one of its main components is their forest hydrology model. UNB is working with HYMEX to determine whether providing more advanced terrain features derived from hyperspectral imagery can enhance the predictability of the model. In a similar way an acoustic noise propagation model developed by JASCO Research and used by AMC is also included in HYMEX. The Probe-1 airborne hyperspectral sensor (0.4-2.5 microns, 128 bands) was deployed for the trial and surveyed a large area of the base (15 x 35 Km) at two different altitudes (5m GSD and 15m GSD) on 2 different days (11 and 13 Sep 2005) . DRDC with the collaboration of the University of New Brunswick collected supporting ground truth over 100 plots, including soil (type, density, moisture and penetrability) and vegetation (type, species, density, leaf area index, height, chlorophyll content and foliage reflectance) information. Figures 1 to 3 show some results from the Gagetown trial. Figure 1 shows a vegetation species classification derived from the 15m GSD imagery. The overall accuracy (81.8%) and Kappa coefficient (0.78) are based on 533 pixels. These results were obtained by the University of Lethbrige with an evidential reasoning classification algorithm [12] . Higher accuracy is expected based on further algorithm use. Figure 2 shows the shadow fraction of the forest canopy which is related to leaf area index (LAI). The shadow fraction was derived from spectral mixture analysis (SMA) [13] along with the sunlit deciduous fraction, the sunlit conifer fraction and the background fraction. The image shadow fraction was found to correlate better with LAI, as measured on the ground on 29 plots with hemispherical pictures, than the sunlit part of the canopy (R2 = 0.55). Moreover, the average difference between the SMA LAI and the ground LAI was les than 0.5 LAI which is a good level of LAI estimation accuracy.
These two examples (Figure 1 and 2) demonstrate the potential to provide more detailed information for maps produced by MCE (Figure 3) . 
CFB Wainwright trial:
This trial was conducted in September 2006. CFB Wainwright is located 300km East of Edmonton, Alberta. It is partially covered by aspen dominant forest. The focus of the trial was to validate forest products related to trafficability and determine how the vegetation is affected by the military training. Since the forest is dominated by one tree species, it is a less complex case than the Gagetown forest. We hope that this will facilitate the validation of several hyperspectral products such as forest density and structure. The University of Victoria new AISA Dual sensor (0.4-2.5 microns, ~495 bands) was deployed for this trial. Airborne hyperspectral imagery with 4m GSD was collected under ideal atmospheric conditions over 2 days.
Figure 2 -Sub-image of Probe-1 airborne imagery of CFB Gagetown showing the shadow fraction of the forest canopy derived from spectral mixture analysis (SMA). The shadow fraction is a good estimator of leaf area index (LAI) with an R2 of 0.55 and an average difference of 0.5 LAI between field and SMA LAI (U. of Lethbridge).

Figure 3 -Section of CFB Gagetown Topographic map produced by MCE. This map section corresponds to the same area in figures 1 and 2 and illustrates the limited vegetation cover information on the map (green area).
A DRDC and York University team collected extensive ground truth (stem count and diameter, crown size and closure, health index, chlorophyll content, leaf area index and hemispherical pictures) over approximately 75 different plots (15m x 15m divided in 4 quadrants). Additionally, airborne lidar data collected from the AISA sensor platform will provide useful information to validate forest structure products. Figure 4 shows a sample CHRIS image of the surveyed area and Figure 5 illustrates the diversity of the Wainwright forest plots. Figure 4 shows a sample CHRIS image of the surveyed area and Figure 6 illustrates the diversity of the Suffield grassland plots.
Montmorency experimental forest trial:
This trial was conducted in February 2007. The Montmorency experimental forest (MEF) is located 45 km north of Quebec City and is a boreal forest. MEF is managed by Laval University. The objective of the trial is to determine whether useful forest products can be derived under snow conditions. Again, the University of Victoria airborne AISA Dual sensor was deployed for this trial and it collected data under good conditions on Feb 13 2007 . Forest parameters such as canopy closure, density and height, as well as individual tree measurements are regularly sampled and updated by Laval University. This data is made available to DRDC. Additional in-situ data is collected by DRDC to complement the Laval University information. Another airborne hyperspectral dataset collected over the same area a few years ago in summer condition is also available to DRDC for comparative analysis. 
Water mapping
In this section we describe some marine applications of interest to the Canadian Forces. We also describe marine trials conducted under HYMEX as well as algorithms being evaluated in the project and we present some preliminary results.
Applications
Several potential coastal and ocean mapping products to be derived from hyperspectral imagery were identified, during the HYMEX project definition, to be of interest to the Canadian Forces as shown in Table 1 . Relevant algorithms were identified in our survey of the Canadian remote sensing community and included in the project. These products are highly relevant to support a Rapid Environmental Assessment (REA) for maritime operations [14] . REA is a form of operational ocean observing that emerged in the mid-1980's when the focus of military meteorology and oceanography (MetOc) shifted from oceanic to littoral waters. REA products were initially defined for anti-submarine, mine and amphibious warfare but are now expanding. 
Algorithms and trials
Several algorithms applicable to coastal waters and ocean applications have been included in the project:
Near-shore bathymetry: 3 algorithms from 2 contractors (Hyperspectral Data International (1) samples, the overall classification accuracy is 81%. Figure 8 shows a bathymetry map derived from an empirical method similar to the one in [15] which is based on linear regression of reflectance values at selected points of know depth (measured in the field). An R 2 fit score of 0.5 was obtained by comparing estimated depth with a digitized version of the nautical chart. This translated in an average depth error 2m. G.A. Borstad Associates noted that they applied the same algorithm, for a different project in clearer waters (Mauritius) with greater bottom variability and obtained an average error of about 0.4m. Figure 9 shows chlorophyll concentration maps derived by G.A. Borstad Associates using a radiative transfer model (RTM) [16] . Validation with insitu water samples has not been conclusive but it will be pursued with the Georgia Strait trial data. Note that this RTM assumes optically deep water column and might be more suitable to Georgia Strait data. 
Conclusion
The DRDC HYMEX project is demonstrating the operational utility of space-based reflective hyperspectral sensors to the Canadian Forces. In this paper we presented the project objectives and various activities as well as presented some preliminary results for vegetation mapping and water mapping. At this time only limited results are available and more efforts are underway to complete the validation of the many algorithms included in the project and to integrate the best ones in a suite of exploitation tools called HOST. The project is scheduled for completion towards the end of 2008, and HOST will be available for transition into operational use by the Canadian Forces to benefit from new sources of airborne or space-based hyperspectral imagery that will be available in the near future. The validation of the hyperspectral products obtained under the HYMEX project will enable the use of the information derived from these products in higher level fusion system.
